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We have isolated a hair-follicle - specific gene, termed hacl-
1, from a cDNA library of ICR mouse skin. Hacl-1 is ex-
pressed specifically in skin, and its mRNA level is correlated 
with the active state of hair follicles in developmental and 
regenerative processes of hair. Its mRNA is -1 kilobase pairs 
(kb). Its cDNA was completely co-linear with the genomic 
clone, indicating that the hacl-1 gene is composed of one 
exon. The hacl-l gene has an open reading frame of 579 base 
pairs (bp). The deduced amino acid sequence showed six 
direct repeats of a decapeptide on the C-terminal side. The 
M orphogenesis of hair is characterized by a unique cyclic change of functions among the distinct cell populations comprising hair follicles [1,2]. In an-agen, matrix cells in the bulb area proliferate rap-idly, resulting in active growth of hair. Hair folli-
cles involve rapidly in catagen, followed by telogen, when hairs are 
in a stationary phase. At the end of telogen, a subpopulation of 
putative stem cells in the bulge area [3,4] is activated through inter-
action with dermal papilla cells. The resulting pluri-potential ma-
trix cells give rise to either the hair shaft (medulla, cortex, cuticle) or 
the inner root sheath (cuticle, Huxley's layer, Henle's layer) 
through active proliferation in the next ana gen. Therefore, hair 
follicles provide a good experimental system for studies on the con-
trol of cell proliferation and differentiation, cell-to-cell interaction, 
and aging of a distinct cell population in vivo. 
For functional and structural organization of hair follicles, ex-
pression of the genes involved must be coordinately regulated in a 
cascade manner. The major structural protein of hair is keratin, 
which forms the rigid hair shaft by formation of a cross-linked 
network of keratin molecules and associated proteins. Hair-specific 
keratins have been studied most extensively in sheep and have been 
classified into intermediate filaments (IF types I and II) and their 
associated proteins (IFAP) [5]. The latter have been further classified 
as high-sulfur, ultra-high -sulfur, and high-glycine/tyrosine kera-
tins according to their amino acid compositions, and each of these is 
composed of a family of homologous proteins [5]. 
A number of hair keratin genes of the sheep have been cloned and 
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repetitive unit contains a CQP motif, which is present in 
repetitive peptide sequences of some hair- and epidermal-
cell- specific proteins. In situ hybridization with a 3' un-
translated region of the hacl-1 cDNA as a probe showed that 
hacl-l was expressed specifically in the keratogenous zone of 
the cortical cells of the hair shaft. No other components of 
hair follicles or epidermis showed a positive signal. Thus, 
hacl-1 is a novel, hair-follicle - specific gene. Key words: hair 
follicle/keratin/mouse/gene. ] Invest Dermatol 102:716- 720, 
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characterized [5-8] . Expression of these genes is strictly regulated 
spacially and temporally in hair follicles [5,8]. In 5' upstream re-
gions of hair-specific keratin genes of the sheep, eight conserved 
sequences have been proposed as putative recognition sites of tran-
scription factors [5,8], but their functions are still unknown, mainly 
because no appropriate culture cells are available for functional 
assays. Much less is known about hair-specific genes in mammals 
other than sheep. IF type I keratin genes were cloned from mice by 
Bertolino et al using a sheep wool type I cDNA as a probe [9,10]' and 
were shown to be expressed in the cortex cells in vibrissae [11] . 
McNab et al [12) isolated mouse ultra-high-sulfur keratin (UHSK) 
gene based on its nucleotide homology with the sheep counterpart, 
and demonstrated that the gene is expressed in the cortex and the 
cuticle of the hair shaft. A 671-base pair (bp) segment of the 5' -up-
stream region of UHSK was shown to direct the correct develop-
mental and tissue-specific expression of the reporter gene in trans-
genic mice [13]. Two serine-rich ultra-high-sulfur protein genes 
were isolated by Wood et af from mouse [14]. These genes showed 
73% nucleotide homology with each other and were separated by 
only 6.5 kilobase pairs (kb) on a genomic clone. No common se-
quence motif was found in the ultra - high-sulfur and serine-rich, 
ultra-high-sulfur proteins, although both had high cysteine con-
tents. A human ultra-high-sulfur gene was also cloned [8] . 
Here we report the hacl-1 gene, a novel hair-folliEle-specific 
gene, which is expressed exclusively in the cortex cells. Several lines 
of evidence suggest that hacl-1 is a new member of the IFAP keratin 
family with an as-yet unconfirmed amino acid composition. 
MATERIALS AND METHODS 
eDNA Cloning The oligonucleotide (5'-CAGGGGTAGGAGTAG-
GGCACGGTGTCTCAC-3') derived from the methyl acceptor site of 
human 06-methylguanine DNA methyl transferase [15] was used to screen a 
).gtl0 cDNA library prepared from ICR mouse skin [16]. Plating of phage, 
screening with radiolabeled probe, and purification of positive clones were 
performed according to conventional methods [17]. Briefly, - 5 X lOS 
).gtl0 clones were plated in 16 dishes (- 3 X 10' clones/ISO-mm dish) and 
transferred to nylon membranes {Colony/Plaque Screen, Dupont. Boston, 
0022-202X/94/S07.00 Copyright © 19Q4 by The Society for Investigative Dermatology, Inc. 
716 
VOL. 102, NO.5 MAY 1994 
-200 
I 
hacl-l genomic DNA 
+400 
I 
A N H 
.. 600 
I 
... 1200 
I 
5' -~1-"'-'=-----------"'--1~ 3' 
hacl-l cDNA 
ATrG~ ______ ,. .... r-~T.AA 
~1~~--~~""--~---'~----- AAAAA 
• 1 1 A N 6 direct :'IminO acids repe<lu H 
5'--- 3' 
bp 
Figure 1. Structure ofhacl-l genol~ic DNA (~op) and cDNA (bottom). Box, 
putative codmg regIOn of cDNA; solrd part, regIon of SIX dIrect repeats of the 
decapeptide. Restriction sites for Nael (N), Apal (A), and HilldIII (H) are 
shown. The 3'-non-coding region from the HilldIII site to the 3'-end was 
used as a probe for ill sittl hybridization. 
MA) . The filters were hybridized with the probe end-labeled with y[32P] 
adenosine-5' -triphosphate (ATP) (specific activity > 5000 Ci/mmol; 
Amersham, Arlington Heights, IL) in 6 X NET (NET: 0.15 M NaCI, 
1 roM ethylene diamine tetraacetic acid [EDTA], 15 mM Tris/HCI 
pH 8.3),0.1% sodium dodecyl sulfate (SDS), 5 X Denhardt solution, and 20 
J.lgjml yeasttRNA at 43'C, and washed with 2 X SSC (SSC: 0.15 M NaCl, 
0.015 M sodium citrate) and 0.5% SDS at room temperature three times for 
5 min each time, followed by washing at 56 ' C for 2 min. The positive 
clones were purified by three rounds of plaque isolation. 
Subcloning and Sequencing Inserts were isolated from the EcoRl-
digested phage clones with Geneclean (Bio 101 Inc., La Jolla, CAl after 
electrophoresis on agarose. and subcloned into the EcoRI site ofpGEM3Z or 
pGEM4Z (Promega, Madison, WI). DNA sequencing was performed using 
Sequenase (US Biochemical Corp., Cleveland, OH) under the conditions 
recommended by the supplier. 
Isolation of Genomic Clones To isolate genomic clones, we screened a 
mouse genomic DNA library from liver (Clontech, Palo Alto, CAl using 
hacl-l cDNA labeled with a[32P]dCTP (specific activity -3000 Ci/mmol; 
Arnersham) as a probe. The filters were hybridized in 50% formamide, and 
washed with 0.2 X SSC and 0.5% SDS at 43 ' C. From 5 X 105 plaques, 12 
positive clones were isolated. An EcoRI fragment of an insert was subcloned 
into pGEM4Z and further charactenzed. 
Northern Analysis Total RNA was extracted from homogenized tissues 
by the hot phenol method and purified by density gradient ultra-centrifuga-
tion in cesium trifluoroacetic acid (Pharmacia, Uppsala, Sweden) [17]. The 
RNA was separated in 1.5% agarose gel, transferred to Hybond-N (Amer-
sham , Arlington Heights, IL) and hybridized to hacl-l cDNA probe under 
essentially the same conditions as described above. For comparison, the 
filters were hybridized with constitutively expressed a-tubulin. [18] . In 
artificial depilation experiments, hair of the back of mice was removed with 
a shaver, then with a depilatory cream, Jully (Kowa, Nagoya, Japan). This 
depilation procedure did not induce any appreciable immediate alteration of 
histologic structure or enzymatic activities such as ornithine decarboxylase 
in skin [19] . 
In Situ Hybridization A - 200-bp fragment of the 3' non-coding region 
of hacl-l was cloned into pGEM3Z and digoxigenin-labeled sense and anti-
sense RNA probes were synthesized from the SP6 and T7 promoter, respec-
tively, with a digoxigenin RNA labeling kit (Boehringer Mannheim, 
Mannheim, Germany), and RNA polymerase from Bethesda Research Lab-
oratory (Bethesda, MD). III silll hybridization was performed using the 
method of Nomura et al [20,21]. Paraffin sections of ICR adult mouse skin 
were processed and hybridized with the probes under conditions described 
elsewhere [21]. The specific signals were visualized as alkaline phosphatase 
activ ity conjugated to anti-digoxigenin antibody (Boehringer Mannheim, 
Mannheim, Germany). Tissue sections were counterstained with hematox-
ylin. 
RESULTS 
Isolation of a cDNA Clone About 5 X 105 independent plaques 
of the cDNA library prepared from ICR adult mouse skin were 
screened with a synthetic oligonucleotide probe derived from the 
methyl acceptor site of human 0 6-methylguanine DNA methyl-
transferase. Among several hundred positive clones, 38 clones were 
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Figure 2. Colinear nucleotide sequence of cDNA and genomic DNA of 
the hacl-l gene and its deduced amino acid sequence. The nucleotide se-
quence was registered in GenBank, and irs accession number is U03686. 
A) Nucleotide and amino acid sequences are shown numbered from the 
presumptive initiation codon. Pntative TATA box and poly A signal are 
IInder/il/ed. B) Repetitive unitof the decapeptide. The CQP motifis shown in 
bold prim. 
isolated after three rounds of purification for further characteriza-
tion. Twenty-four of these 38 clones cross-hybridized with each 
other, and most of the inserts shared DNA fragments of the same 
length after digestion with the restriction enzyme All/I, indicating 
that these 24 clones were derived from one gene. The inserts were 
about 1 kb, which was nearly the same size as its mRNA estimated 
by Northern analysis. This cDNA clone was termed hacl-1 after 
characterization of its association with hair follifles. 
Isolation of Genomic DNA Clones Genomic clones ofhacl-1 
were isolated from a mouse genomic DNA library of liver with 
hacl-1 cDNA as a probe under stringent washing conditions, and 12 
positive clones were obtained after screening - 5 X 105 plaques. 
The sizes of their inserts varied from 10 to 17 kb. Restriction analy-
sis of these inserts indicated that all were derived from the same 
gene. From a representative clone, an -4-kb fragment containing 
the 5' and 3' end of the hacl-1 cDNA was subcloned into pGEM4Z 
and further characterized . As shown in Fig 1, the hacl-1 cDNA and 
the genomic clone contained identical restriction sites ofNaeI, Apar, 
and HitldIll, suggesting colinearity of the cDNA with the genomic 
DNA. 
Nucleotide and Deduced Amino Acid Sequences The nu-
cleotide sequence of the genomic clone is shown in Fig 2A, num-
bered from the putative initiation codon. The hacl-l cDNA was 
completely colinear with the genomic DNA with the same nucl eo-
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Figure 3. Tissue-specific expression of had-I. Total RNA was extracted 
from various tissues of adult ICR mice, separated by electrophoresis in 1.5% 
agarose, transferred to a nylon membrane, and hybridized with 32P-Iabeled 
had-l whole-length cDNA. The had-l transcript was detected only in skin. 
tide sequence from -21 to 982, and then had a poly A tail. In the 
genomic DNA, a putative TATA box was identified 81 bp up-
stream of the putative initiation codon. The colinearity of the 
cDNA clone with the genomic DNA indicates that the hacl-1 gene 
has no intron in the coding region. 
The hacl-1 cDNA had an open reading frame of579 nucleotides, 
encoding 193 amino acids. On the C-terminal side, from amino 
acid 114 to 173, there were six direct repeats of a decapeptide, 
(V jL)GGIS(T jS) (T jV jS)CQ(P jQ) (Fig 2B). By screening the 
Genbank with the nucleotide sequence of hacl-1, partial homology 
(57% nucleotide homology covering 247 bp) was found with 
mouse hair-specific UHSK isolated by McNab et al [12]. The CQP 
motif was found in the hacl-1 repetitive unit. The cysteine, glycine, 
and tyrosine contents ofhacl-1 were not remarkably high, i.e., 12%, 
10%, and 2%, respectively. 
Expression of Had-1 Tissue-specific expression of hacl-1 was 
examined by Northern analysis. As shown in Fig 3, the hacl-1 gene 
was expressed only in skin, not in heart,lung, spleen,liver, kidney, 
esophagus, forestomach, glandular stomach, or jejunum. It should 
be noted that although the esophagus and forestomach have strati-
fied squamous epithelia like skin, they did not express hacl-1. 
Among the various rat tissues examined, expression of hacl-1 
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Figure 4. Expression of had-l in mouse skin during two-stage carcinogen-
esis. Female ICR mice of 6-7 weeks old were treated with 50 Jlg of 7;1-2-
dimethylbenz[a)anthracene, followed by the application of5 Jlg of 12-tetra-
decanoylphorbol-13-acetate once a week for 10 weeks [21). Results are for 
total RNAs isolated from the untreated skin (la/Ie 1), hyperplastic skin (laues 
2- 6), papillomas (laues 7 -11), and carcinomas (lanes 12-15). In sample for 
lane 2, RNA was degraded. 
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Figure 5. Change ofhad-l gene expression in the regeneration of hair after 
artificial depilation (A) and during development (B) . Total RNA was pre-
pared from the whole back skin of adult ICR mice at various times after 
depilation or on different days of development, and analyzed under similar 
c<;lnditions as those for Fig 3, except for the shorter exposure time, which 
makes the signal undetectable in non-induced skin. A) Laue 1, control; laues 
2-10, those for preparation 1 h, and 1, 3, 5, 7, 9, 11, 14, and 21 dafter 
artificial depilation with cream. B) Lanes 1-5, those for embryos on days 14, 
15,16,17, and 18, respectively. Lanes 6-8, those for preparation 1,3, and 
7 d after birth. Bar, 100 Jl. 
mRNA was also observed only in the skin (data not shown). Hacl-l 
mRNA was not expressed in cultured normal keratinocytes from 
newborn mouse skin either in low- or high-Ca++ medium (data not 
shown). Furthermore, no expression of the hacl-1 gene was ob-
served in papillomas or carcinomas ~roduced by the two-stage carci-
nogenesis protocol in mouse skin l22] (Fig 4). 
One possible explanation for the above observations is that hacl-1 
may be associated with accessory organs of the skin, which are not 
present in cultured cells or skin tumors. Hence we tested for a 
possible change of hacl-1 expression in the regeneration process 
after depilation. As shown in Fig SA, hacl-1 expression was not seen 
during the first 3 d after depilation, but then increased with time, 
reaching a peak 011 days 9 - 11 in association with the rapid regrowth 
of hair. During the course of development, hacl-l was not expressed 
in the gestation period, but the mRNA content increases dramati-
cally 7 d after birth (Fig 5B), in parallel with the first wave of hair 
growth. These results indicate that the expression of hacl-1 is asso-
ciated with the active state of hair follicles. 
In Situ Hybridization The location of hacl-1 expression in skin 
was examined by in situ hybridization using the 3'-untranslated 
region of hacl-l cDNA as a probe (Fig 1). As shown in Fig 6, 
expression of hacl-l mRNA was found exclusively in the cortical 
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Figure 6. It! silll hybridization ofhacl-1 cDNA to mouse skin. Digoxigenin-Iabeled anti-sense and sense RNA probes were prepared from the 3' -untranslated 
region of hac~-1 cDNA{see Fig 1) and hybridized to p~raffin sections of adult ICR mou~e skin. The specimens we.re counte~stained with hematoxylin. A - C) 
hybridized with the anu-sense probe; D), hybndlzed with t.he sense probe. The longltudmal (A) and cross (~) sectlO~1S of hair follicles clearly show that had-1 
is expressed in the keratogenous area of the cortex of the hair shaft. No other components of hair follicles or mterfolhcular epldernus expressed hacl-1 (C). No 
signal was detected with the sense probe (D) . 
cells of the hair shaft of hair follicles. The transcripts were detected 
in the lower and middle areas of the cortex and were undetectable in 
the upper region, where the cortical cells undergo extensive intra-
cellular cross-linking of proteins (Fig 6A). The signal was not de-
tected in the matrix cells (Fig 6A,B), which are progenitors of 
cortical cells. Furthermore, the inner root sheath cells and the me-
dulla cells of the hair shaft, both of which are derived from matrix 
cells, did not express hacl-1. Other components of hair follicles, 
, inter-follicular epidermis, and dermis showed no hacl-1 expression 
(Fig 6C). It is uncertain whether the cuticle cells of the hair shaft 
express hacl-1. The sense probe showed no positive signal under the 
same conditions, confirming the specificity of the present itl situ 
hybridization (Fig 6D). 
DISCUSSION 
In this study we isolated a novel gene specifically expressed in 
mouse hair follicles. The 30-mer oligonucleotide probe used for the 
isolation was derived from the sequence surrounding the methyl 
acceptor cysteine residue of human 06-methylguanine DNA meth-
yltransferase [15]. Isolation of hacl-1 was incidental, and this is due 
to some nucleotide homology with the near N-terminal region of 
hacl-1. Several hundred positive plaques were obtained from 5 X 
105 clones in the first screening, and among 38 clones isolated, 24 
were shown to be derived from hacl-1. This suggests that hacl-1 
comprises -0.02% of the mRNA isolated from adult ICR mouse 
skin. 
The hacl-1 gene was expressed in skin and not in other tissues 
examined, including the esophagus and forestomach, which have 
stratified squamous epithelia like skin. During two-stage carcino-
genesis of mouse skin, hacl-1 mRNA was detected in hyperplastic 
skin samples, but not in papillomas or carcinomas. Furthermore, 
hacl-l was not expressed in primary cultures of mouse keratinocytes 
even after differentiation induced by high-Ca++ medium. The 
complete absence of hacl-1 expression in skin tumors and cultured 
keratinocytes suggests that hacl-1 may be associated with some ac-
cessory organs of the skin. This prompted us to study the correlation 
of hacl-1 expression with hair follicles. We observed that there was 
in fact a correlation using RNA samples isolated at different devel-
opmental stages, as well as during regeneration after artificial depi-
lation. 
Expression of hacl-1 was shown to be located in the cortex of hair 
shafts by ill situ hybridization. In hair follicles, the matrix cells 
underg? differentiation in two directions: hair shafts consisting of 
the cuticle, cortex, and medulla, and inner root sheaths with three 
cell layers. Hacl-1 transcripts were detected exclusively in the kera-
togenous zone of the cortical cells of the hair shaft, indicating that 
hacl-1 gene expression is closely associated with differentiation of 
matrix cells toward the cortex of the hair shaft. 
By screening the Genbank with the nucleotide sequence of 
hacl-1, partial homology (57% nucleotide homology covering 
247 bp) was found with mouse UHSK isolated by McNab etal [12]. 
The amino acid sequence ofhacl-1, however, showed no significant 
homology with any genes registered in Genbank. Two additional 
IF~P-~pe mouse keratins were reported by Wood et al [14], the 
senne-nch UHSKs gUHS-SER-1 and -2. These genes show 73% 
nucleotide homology with each other and have several 10 amino 
acids repeats, but show no significant homology with hacl-1. Like 
hacl-1, UHSK, gUHS-SER-1, and -2 have no intron structure in 
the coding region. UHSK was shown by ill situ hybridization to be 
expressed ill the keratogenous zone of vibrissa hair shaft [13], like 
hacl-1. The gUHS-SER-1 transcript was detected not only in the 
medulla and inner root sheath of growing hair, but also in upper 
layers of epidermis of the skin [14]. It is interesting that the expres-
sions of hacl-1 and gUHS-SER-1 are complementary among the 
progenitors of matrix cells in hair follicles. 
The repetitive decapeptide of had-1 contains CQP, which ap-
pears at intervals of 10 amino acids. The CQP motif is also present 
in hair- and epidermal cell-specific proteins, i.e., UHSK, rabbit 
cornifin [23], and spr I and II (T. Kartasova, personal communica-
tion). In UHSK, the CQP motif appears irregularly, but four of 
these motifs are at 10 amino acid intervals in the region homologous 
to hacl-1. 
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Hair is formed by specifically differentiated keratinization from 
epidermis. In epidermal keratinocytes, terminal differentiation is 
characterized by the formation of a cross-linked envelope [24]. 
Major components of the cornified envelope include involucrin, 
loricrin, and possibly the spr I family [23,25 - 28]. which are sub-
strates forming glutamyl lysine isopeptide bonds by epidermal 
transglutaminase. The glutamine residue in the CQP motif of 
hacl-1 and UHSK could also be a substrate of hair-specific transglu-
taminase [29]. All these proteins and others involved in epidermal 
differentiation contain repetitive oligopeptides [12,23,26-28] . 
Several lines of evidence obtained in the present study suggest 
that hacl-1 may be a novel member of the hair-specific IFAP-type 
keratin family . Members of IFAP thus far identified are character-
ized by their high content of either cysteine or glycine/tyrosine 
[5 - 8,12,14]. But hacl-l is unique in having no predominant amino 
acids. 
In the cortical cells of hair, a number of keratins are produced and 
processed to form the rigid shaft. Characterization of the hacl-l 
gene in comparison with the other hair-follicle-specific genes cer-
tainl y contributes to understanding the mechanisms of co-ordinated 
regulation of this family of genes. Further, its specific expression in 
the cortical cells suggests the possibility of using the 5' -promoter 
region of hacl-1 as a vehicle to express the exogenous gene in pre-
cursor cells of hair shafts. Identification of factors for up- and 
downregulation of hacl-1 gene expression has potential medical and 
cosmetic applications. 
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